Haploinsufficiency of Progranulin (PGRN), a gene encoding a secreted glycoprotein, is a major cause of frontotemporal lobar degeneration with ubiquitin (FTLD-U) positive inclusions. Single nucleotide polymorphisms in the TMEM106B gene were recently discovered as a risk factor for FTLD-U, especially in patients with PGRN mutations. TMEM106B is also associated with cognitive impairment in amyotrophic lateral sclerosis patients. Despite these studies, little is known about TMEM106B at molecular and cellular levels and how TMEM106B contributes to FTLD. Here, we show that TMEM106B is localized in the late endosome/lysosome compartments and TMEM106B levels are regulated by lysosomal activities. Ectopic expression of TMEM106B induces morphologic changes of lysosome compartments and delays the degradation of endocytic cargoes by the endolysosomal pathway. Furthermore, overexpression of TMEM106B correlates with elevated levels of PGRN, possibly by attenuating lysosomal degradation of PGRN. These results shed light on the cellular functions of TMEM106B and the roles of TMEM106B in the pathogenesis of FTLD-U with PGRN mutations.
INTRODUCTION
Frontotemporal lobar degeneration (FTLD) is one of the most prevalent forms of early onset dementia, second only to Alzheimer's disease (1, 2) . Mutations in the Progranulin (PGRN) gene were recently shown to be the major cause of FTLD with ubiquitin-positive inclusions of TDP-43 (FTLD-U) (3) (4) (5) . Most PGRN mutations result in a decrease in the amount of PGRN expressed or secreted, rather than a gain of toxicity (3, 4) . Thus, PGRN haploinsufficiency is strongly associated with FTLD-U. PGRN encodes an evolutionarily conserved, secreted glycoprotein of 88 kDa involved in would healing, inflammation, tumorigenesis and neuronal survival (6) . A member of the VPS10 family, sortilin, was recently identified as a binding partner for PGRN (7) . Sortilin regulates PGRN trafficking by mediating PGRN endocytosis and targeting to lysosomes, thus controlling PGRN levels in the brain (7, 8) .
However, PGRN mutation carriers show a high variability in age of onset and pathologic presentation, even with identical mutations, suggesting that environmental influences or additional genetic factors modify the disease manifestation (9) . Recent genome-wide association studies by several groups have pinpointed TMEM106B, a gene encoding a transmembrane protein of unknown function, as a bona fide risk factor for FTLD-U, especially in patients with PGRN mutations (10 -13) . TMEM106B is also associated with cognitive impairment in amyotrophic lateral sclerosis patients (14) . However, studies with samples from FTLD patients have obtained conflicting results on the effect of TMEM106B polymorphisms on TMEM106B function and on the relationship between TMEM106B and PGRN. Firstly, it is not clear whether TMEM106B mRNA levels are affected by TMEM106B single-nucleotide polymorphisms (SNPs) (11, 12) . Secondly, it is not known whether the protein function of TMEM106B is altered by SNPs within the coding region of TMEM106B (10, 11, 13) . Studies have identified a T185S coding variant in TMEM106B associated with the protective allele (10, 11, 13) and suggested T185S to be in perfect linkage disequilibrium with the strongest SNP associated with FTLD-U, rs1990622 (10, 13) . However, whether and how T185S affects TMEM106B function remains unknown. Finally, it is still under debate whether TMEM106B * To whom correspondence should be addressed at: 345 Weill Hall, Ithaca, NY 14853, USA. Tel: +607 2550667; Fax: +607 2555961; Email: fh87@cornell.edu polymorphisms affect PGRN levels, although the T185S allele was reported to be protective and was correlated with higher plasma PGRN levels (10, 11, 13) . Thus, despite a strong genetic linkage, the role of TMEM106B in FTLD-U and the relationship between TMEM106B and PGRN are not completely understood from these studies (10) (11) (12) (13) (14) (15) (16) (17) .
TMEM106B encodes a transmembrane protein of unknown function. To address the role of TMEM106B in FTLD-U with PGRN mutations, we investigated cellular functions of TMEM106B. Consistent with recent findings (18, 19) , we found that TMEM106B is a lysosomal protein and TMEM106B levels are modulated by lysosomal activities. We further showed that increased TMEM106B levels result in the accumulation of enlarged lysosomes and impair the degradation of endocytic cargoes. Exogenous expression of TMEM106B increases PGRN levels, possibly due to its regulation of the endolysosomal pathway.
RESULTS

TMEM106B is localized in late endosome/lysosome compartments
TMEM106B is a predicted type-II transmembrane protein of unknown function. To determine the expression of endogenous TMEM106B, we raised antibodies against the intracellular portion of TMEM106B (a.a. 1 -96). The polyclonal antibody specifically detects a 43 kDa band on SDS-PAGE corresponding to endogenous TMEM106B detected in multiple cell lines ( Fig. 1A) . Because TMEM106B has 274 residues with a predicted molecular weight of 31 kDa, the discrepancy on migration indicates potential post translational modification, likely glycosylation of this protein (18) . Consistent with studies by others (19) , we found that TMEM106B protein exhibits as an 86 kDa band on SDS-PAGE when the samples are not boiled (data not shown), suggesting the presence of a SDS-resistant dimer. This is further confirmed by the co-immunoprecipitation of GFP-tagged TMEM106B with FLAG-tagged TMEM106B (Fig. 1B) . The T185S variant of TMEM106B self-associates to a similar degree as wild-type TMEM106B.
With our polyclonal antibodies, we found that TMEM106B is ubiquitously expressed in many different cell types, including neurons and microglia cells, with highest protein levels detected in neuronal cell lines ( Fig. 1A ). Analysis of TMEM106B expression levels in cortical neurons showed a positive correlation of TMEM106B protein levels with neuronal maturation in vitro (Fig. 1C) . To investigate the cellular localization of endogenous TMEM106B, we stained neuroblastoma N2A cells with our polyclonal antibodies against TMEM106B. We found that a large pool of TMEM106B is localized in intracellular vesicles ( Fig. 2A ). The knockdown of TMEM106B expression by siRNA abolished this vesicular staining, confirming the specificity of our antibody ( Fig. 2A) .
To determine the identities of these intracellular vesicles, we examined the colocalization of N-terminal FLAG-tagged TMEM106B with GFP-tagged Rab GTPases. TMEM106B shows strong colocalization with late endosome and lysosome markers Rab7 and Rab9, with little colocalization with the early endosome marker Rab5 and the recycling endosome marker Rab11, suggesting that TMEM106B mainly localizes to late endosomes and lysosomes (Supplementary Material, Fig. S1A ). FLAG-TMEM106B also shows strong colocalization with LAMP1, a transmembrane protein localized mainly on the lysosomes (Supplementary Material, Fig. S1B ). We further confirmed this with colocalization of endogenous TMEM106B with LAMP1 in N2A cells ( Fig. 2A ) and cortical neurons ( Fig. 2B ). Endogenous TMEM106B in N2A cells shows much better colocalization with LAMP1 than overexpressed TMEM106B (Figs 2; Supplementary Material, Fig. S1 ), suggesting that TMEM106B overexpression might cause mislocalization of the protein or disturbance of lysosomal compartments. In particular, endogenous TMEM106B usually appeared as a granular, but relatively evenly distributed coat on the lysosomal limiting membrane with one to several discrete TMEM106B puncta polarized on the lysosome surface occasionally. When TMEM106B was overexpressed, we saw a preponderance of this polarized/punctate localization pattern when compared with controls. Overexpressed TMEM106B also frequently appeared within the lumen of the LAMP1-positive vesicles. These data strongly indicate that TMEM106B localization is critically affected by its expression levels. A small pool of TMEM106B was also detected at the plasma membrane when overexpressed. Live cell staining with external antibodies against the myc epitope tag, which is inserted at the C-terminus of TMEM106B, confirms that TMEM106B is a type-II transmembrane protein with its C-terminus facing extracellularly or to topologically equivalent luminal spaces (Supplementary Material, Fig. S2 ).
Because TMEM106B is mainly localized on lysosomes, we further investigated whether protein levels of TMEM106B are regulated by lysosomal activities. Treatment with inhibitors of lysosomal acidification, such as bafilomycin (Baf1), ammonium chloride or chloroquine, leads to a significant increase in TMEM106B levels in N2A cells, suggesting that TMEM106B levels are regulated by the lysosomal degradation pathway ( Fig. 1D and E). Treatment with 3-methyladenine (3-MA), an inhibitor of VPS34, a PI3K involved in autophagy and formation of multivesicular bodies (20) , also increases TMEM106B levels ( Fig. 1D and E). This indicates that TMEM106B levels may be regulated by membrane-trafficking events. On the other hand, treatment with the proteasome inhibitor MG-132 had minimal effects on TMEM106B levels, suggesting that the ubiquitin-proteosomal pathway is not a major regulator of TMEM106B protein levels.
Increased TMEM106B levels induce enlarged lysosomes
Close examination of lysosome morphology in TMEM106B overexpressing N2A cells revealed an enlargement of lysosomes and a reduction in lysosome numbers ( Fig. 2C and D). Examination of lysosomal morphology upon TMEM106B overexpression in other cell lines, including HEK293T, COS-7, T98G and motor neuron cell line NSC-34, indicated an enhanced sensitivity of lysosomes to increased TMEM106B levels in neurons, although lysosomal enlargement was also occasionally seen in non-neuronal cell lines (Supplementary Material, Fig. S3 and data not shown). Abnormal morphology was also seen in some of the enlarged lysosomes, some of which are reminiscent of intermediates of lysosomal fission or fusion (Fig. 2C ). This phenotype is also seen with GFP-TMEM106B overexpression, which tends to give higher expression levels and results in large vacuoles positive for LAMP1, but negative for the early endosome marker EEA1 ( Fig. 3 ). These vacuoles are prominent under regular phase microscope in GFP-TMEM106B overexpressing N2A cells and are present in N2A cells overexpressing untagged TMEM106B when treated with 3-MA (Supplementary Material, Fig. S4 ). We failed to detect any significant differences between wild type and the T185S variant of TMEM106B in inducing abnormalities in lysosomal morphology ( Fig. 2 and Supplementary Material, Fig. S4 ).
To further confirm the origin of these membranes, we preloaded lysosomes with dextran and then transfected the cells with TMEM106B constructs. It has been shown that preloaded dextran accumulates in lysosomes (21) . We found that many of the enlarged vesicles induced by TMEM106B overexpression are positive for dextran ( Fig. 4A ), confirming that these are lysosome derived. Although TMEM106B overexpression induces lysosome enlargement, it does not induce apoptosis or TDP-43 mislocalization or cleavage (Supplementary Material, Fig. S5 ).
TMEM106B overexpression impairs endolysosomal degradation
To investigate whether the abnormal morphology of enlarged late endosomes/lysosomes induced by TMEM106B impairs endolysosomal function, the cellular turnover rate of epidermal growth factor receptor (EGFR) was analyzed. T98G cells, which express high levels of endogenous EGFR, were treated with epidermal growth factor (EGF). EGF stimulation leads to the activation of EGFR and phosphorylation of ERK1/2. EGFR signaling continues after EGFR endocytosis, until the receptors are inwardly budded into intraluminal vesicles in multivesicular bodies (MVBs). EGFR is subsequently degraded through lysosomal fusion and degradation (22) . We found that GFP-TMEM106B expression appears to attenuate the rate of EGFR degradation in T98G cells. However, EGF downstream signaling, as quantified by the levels of phospho-ERK1/2, is not affected (Fig. 5 ). These data suggest that TMEM106B may cause a defect in the later stages of late endosome/lysosome fusion or lysosomal degradation rather than early endocytic trafficking steps or MVB formation. Because the enlarged lysosome phenotype induced by TMEM106B overexpression is much more pronounced in neuronal cell lines than in T98G cell, a more severe endolysosomal dysfunction is expected in neuronal cell lines. Unfortunately, we were unable to detect appreciable amounts of endogenous EGFR in N2A cells, making them unsuitable for this assay.
To determine whether TMEM106B affects endosome/ lysosome fusion, we incubated N2A cells overexpressing TMEM106B with the fluid-phase marker, dextran. Cells were then washed with PBS and incubated for additional 4 h in culture medium without dextran. Dextran signal is present in TMEM106B enlarged lysosomes to a similar extent as in control cells, suggesting that there are no major defects in fusion between TMEM106B-induced enlarged lysosomes and incoming endosomes (Fig. 4B ). FLAG-tagged TMEM106B wild type (WT) and T185S variants were cotransfected with GFP-TMEM106B WT into HEK293T cells. Anti-FLAG antibodies were used to immunoprecipitate FLAG-TMEM106B. IP products were blotted for GFP and FLAG as indicated. (C) TMEM106B expression in rat cortical neurons. E17 rat cortical neurons were isolated and allowed to differentiate for indicated days. Cell lysates were prepared and blotted for sortilin, TMEM106B and GAPDH. Cortical neurons were treated with 2 mM Ara-C after DIV6 to inhibit the growth of glial cells. (D) N2A cells were treated with 5 mM 3-MA, 50 nM Baf1, 15 mM NH 4 Cl + 100 mM chloroquine or 10 mM MG-132 for 14 h as indicated. Cell lysates were prepared and blotted for TMEM106B and GAPDH. (E) Quantification of data shown in (D), n ¼ 4, +SEM, * P , 0.05, * * P , 0.01 Student's t-test.
TMEM106B modulates PGRN protein levels
Our previous published results have shown that sortilin mediates PGRN trafficking into lysosomes and plays a critical role in regulating PGRN levels (7) . We hypothesized that TMEM106B may play a role in regulating PGRN levels by affecting lysosomal activities. To address this hypothesis, we measured intracellular and secreted PGRN levels in cells overexpressing the wild type or T185S allele of TMEM106B. Both wild-type and T185S alleles of TMEM106B increased endogenous PGRN levels in N2A cells ( Fig. 6A -C) . These changes in PGRN levels are not due to changes in PGRN mRNA levels as measured by qPCR ( Fig. 6C ), suggesting that TMEM106B regulates PGRN levels through post transcriptional mechanisms. Sortilin expression levels do not appear to be affected by TMEM106B (Fig. 6A) , indicating it is unlikely that TMEM106B regulates PGRN levels through sortilin. Furthermore, in cells overexpressing GFP-TMEM106B, accumulation of endogenous PGRN, along with the prototypical lysosomal proteinase cathepsin D, can be detected in some of the GFP-TMEM106B-positive vacuoles (Fig. 3C ). Together, these results suggest that TMEM106B may regulate PGRN levels through its function in the endolysosomal degradation pathway.
We also examined the effect of TMEM106B loss of function on PGRN levels by knocking down TMEM106B expression in N2A using siRNA. siRNA treatment resulted in 50-70% reduction of TMEM106B expression ( Fig. 6B) . To test the validity of our assay, we knocked down sortilin expression using siRNA as a positive control and observed an increase in secreted PGRN ( Fig. 6B and D) . However, TMEM106B knockdown did not appear to affect PGRN levels (Fig. 6D ). Furthermore, reduced TMEM106B expression does not appear to affect lysosomal size or morphology ( Fig. 2A) . Thus, either residual TMEM106B expression is enough to maintain its function in the lysosomes or TMEM106B loss of function does not directly affect lysosomal morphology or function.
DISCUSSION
Endolysosomal function is essential for the health of neurons. Several genetic mutations found in FTLD, including those in CHMP2B and VCP/p97, result in the accumulation of enlarged vacuoles and a defect in endolysosomal trafficking or autophagosome maturation (23) (24) (25) (26) . Mutations in the PGRN gene are the main cause for FTLD-U (3 -5) . PGRN has also been implicated in regulating lysosome functions and is transcriptionally co-regulated with a number of essential lysosomal genes (27) . PGRN knockout mice accumulate lysosomal byproducts, lipofuscin (28) , and homozygous PGRN mutant human patients exhibit neuronal ceroid lipofuscinosis (29) . In this study, we showed that the FTLD-U risk factor TMEM106B is highly expressed in neurons, mainly localized to late endosome/lysosome compartments and regulates lysosomal morphology (Fig. 2) . Overexpression of TMEM106B results in the accumulation of enlarged lysosomes (Figs 2 -4 ) and delays the degradation of endocytic cargoes such as EGFR (Fig. 5 ). TMEM106B does not affect the termination of EGFR signaling (Fig. 5 ), suggesting that TMEM106B does not cause defects in membrane invagination into multivesicular bodies. We speculate that TMEM106B may regulate the fusion of late endosomes with lysosomes or the fission of the hybrid organelle after endosome -lysosome fusion. Our examination of endosome -lysosome fusion events using dextran labeling suggested that TMEM106B-induced enlarged lysosomes are still capable of fusing with the incoming endosomes ( Fig. 4 ). However, it is still possible that TMEM106B affects the kinetics of endosome -lysosome fusion, which requires detailed analysis of endosome -lysosome fusion using time lapse imaging. 
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It is still under debate whether TMEM106B polymorphisms result in changes in TMEM106B levels or changes in TMEM106B protein, as one variant, T185S, has been reported to be protective and to be in perfect linkage disequilibrium with the strongest SNP associated with FTLD-U (10-17). We find no differences between the wild type (WT) and T185S variant of TMEM106B in regards to regulating lysosomal morphology and number or PGRN levels. Our results are consistent with a model in which increased expression of TMEM106B perturbs the endolysosomal pathway. This is corroborated by findings of increased TMEM106B mRNA and protein levels in postmortem brain samples of FTLD-U patients (12, 19) . Surprisingly, reduced expression of TMEM106B by RNAi treatment does not have any obvious effect on lysosomal morphology. It is possible that residual TMEM106B is sufficient to maintain its function in the lysosomes or that TMEM106B is not essential for lysosomal function. Another possibility is that TMEM106B is functionally redundant and may be compensated by other genes such as TMEM106A and TMEM106C. A complete depletion of TMEM106B function using a mouse knockout model might be needed to determine TMEM106B function in vivo.
PGRN haploinsufficiency is strongly associated with FTLD-U. However, it is still under debate whether TMEM106B SNPs affect PGRN levels. Previous studies with FTLD patient samples resulted in contradictory conclusions on the regulation of PGRN by TMEM106B (10) (11) (12) (13) . Here, we show that exogenous expression of TMEM106B increases PGRN levels ( Fig. 6 ) and results in the accumulation of PGRN in the lysosomes (Fig. 4C) . Our results indicate that elevated TMEM106B levels could alter plasma PGRN levels in human patients, possibly due to its effect on endolysosomal trafficking. While the majority of the increased PGRN observed appears to be intracellular, likely as a result of abnormal lysosomal degradation, we do detect a modest increase in the levels of extracellular PGRN as measured by ELISA. One potential mechanism to explain this increase in PGRN levels is through an overflow of the increased intracellular PGRN into the extracellular space via lysosomal exocytosis, a well-described process in which lysosomes fuse with the plasma membrane and release their lumenal contents.
In summary, our molecular and cellular characterization of TMEM106B supports a role of TMEM106B in regulating lysosomal morphology and function. Together with a function of PGRN in lysosomes, as suggested by other studies, these results strongly argue for a critical role of lysosomal dysfunction in the progression of FTLD-U. Further studies to monitor lysosomal dynamics with live imaging, to examine the detailed morphology of TMEM106B-induced vacuoles with electron microscopy and to identify TMEM106B-binding partners will give us more insights into the function of TMEM106B in lysosomes. Examination of TMEM106Binduced lysosomal dysfunction in PGRN deficiency background will help illustrate the interaction of TMEM106B and PGRN in regulating lysosomal functions in FTLD-U.
MATERIALS AND METHODS
Cell culture procedures T98G, N2A, HEK293T (from ATCC), NSC34 (30) and BV-2 (31) cells were grown in DMEM supplemented with 10% FBS, 1% Penicillin -Streptomycin at 378C in a 5% CO 2 atmosphere. Cells were transiently transfected with polyethyleneimine as described (32) . E17 rat cortical neurons were isolated and cultured as described (7) .
Plasmids and siRNAs
Human TMEM106B cDNA was obtained from Open Biosystems (the ORFome collection, T185; in the pCMV-Sport6, S185). FLAG-tagged TMEM106B constructs were generated by cloning TMEM106B into p3XFLAG-CMV7.1 vector (Sigma-Aldrich) using the enzymes HindIII and SalI. TMEM106B-myc was generated by cloning TMEM106B into pcDNA3.1myc his A vector (Invitrogen) using the enzymes HindIII and XhoI. GFP-TMEM106B was generated by cloning TMEM106B into pEGFP-C3 vector (Clontech) using the enzymes HindIII and XhoI/SalI. GFP -tagged Rab plasmids were generous gifts from Drs Bill Brown and Volker Vogt. PGRN and sortilin constructs were obtained as described (7) . siRNA against Mouse TMEM106B (D-042561-01,-02,-03,-04), mouse SORT1 (D-041713-01,-02,-03,-04) and pooled control siRNAs (D-001206-13-05) were obtained from Dharmacon and transfected into N2A cells using DharmaFECT according to the manufacturer's instructions.
Antibodies and chemicals
The following antibodies were used in the study: sheep antimouse PGRN antibodies, goat anti-human PGRN antibodies and goat anti-mouse sortilin from R&D systems; mouse anti-myc (9E10) and anti-FLAG (M2) antibodies from Sigma-Aldrich; mouse anti-LAMP1 and EEA1 antibodies from BD biosciences; rabbit anti-EGFR, rabbit anti-phospho-Erk1/2 and rabbit anti-cleaved caspase 3 antibodies from Cell Signaling; rat anti-mouse LAMP1 (1D4B) antibodies from BioLegend; rabbit anti-TDP 43 antibodies from Proteintech; and mouse anti-glyceraldehyde 3-phosphate dehydrogenase (GAPDH) antibodies from Millipore. Rabbit anti-cathepsin D antibodies were a generous gift from Dr Bill Brown.
To generate anti-TMEM106B antibodies, the intracellular domain of TMEM106B (residues 1 -96) was expressed and purified as glutathione S-transferase fusion proteins from E. coli. Recombinant proteins were sent to Covance laboratories to generate rabbit polyclonal antibodies. Serum from the final bleed was diluted 1:2000 for western blot analysis and 1:250 for immunostaining. Antibody specificity was confirmed via western blot and immunofluorescence by observing overlapping signals between FLAG and TMEM106B antibodies for overexpressed FLAG-TMEM106B and by decreased signals from cells treated with siRNAs against Figure 6 . Regulation of PGRN levels by TMEM106B. (A) Western blot analysis of N2A cells overexpressing TMEM106B WT and T185S. Transfected cells were changed to serum-free medium 24 h after transfection. After another 24 h, lysates and CM were collected. CM were further concentrated using TCA precipitation. (B) Western blot analysis of N2A cells transfected with control siRNA pool or siRNA pools against TMEM106B and sortilin. Transfected cells were changed to serum-free medium 48 h after siRNA transfection. After another 24 h, lysates and CM were collected. CM were further concentrated using TCA precipitation. (C) Overexpression of TMEM106B in N2A cells leads to increased intracellular and secreted PGRN levels as measured by western blot or ELISA, respectively (n ¼ 5). PGRN levels were normalized to the mean of two vector transfected controls. No change in PGRN mRNA levels was detected via qPCR (n ¼ 3). (D) Knockdown of TMEM106B in N2A cells has no effect on intracellular or secreted PGRN levels as measured by western blot or ELISA, respectively (n ¼ 6). Sortilin knockdown leads to increased levels of PGRN in the media. * P , 0.05, * * P , 0.01, Student's t-test.
TMEM106B. The antibody does not cross-react with the TMEM106B family members TMEM106A and TMEM106C (data not shown).
The following reagents were used in this study: 3-MA, chloroquine, ammonium chloride, cycloheximide and staurosporine from Sigma-Aldrich; recombinant human EGF from Promega; puromycin from Calbiochem; trichloroacetic acid (TCA) from Acros Organics; MG-132 from Cayman chemical; and Baf1 from LC Laboratories.
Immunofluorescence microscopy
Cells were plated on coverslips the day prior to transfection. Cells were fixed with 3.7% formaldehyde in PBS 24 or 48 h post transfection and washed with PBS, followed by permeabilization and blocked with PBS containing 3% BSA, 0.1% Triton X-100 or 0.05% Saponin. Cells were stained with primary antibody in 1% BSA PBS blocking buffer overnight at 48C. Cells were washed three times with PBS and incubated for 2 h at room temperature with a 1:500 mixture of Hoechst and secondary antibody (donkey-anti-rabbit/mouse IgG Alexa Fluor488 and 594, donkey-anti-rat AlexaFluor568 and donkey anti-sheep AlexaFluor680 Molecular Probes). For dextran-loading experiments, Texas Red-labeled dextran (70 000 MW, Lysine Fixable, Molecular probes) was used. Cells were either preloaded for 16 h with 0.5 mg/ml dextran, washed and chased 4 h in growth medium to label lysosomes, or cells were transfected and then loaded and chased. Cells were washed three times with PBS and mounted with Fluoromount G (Southern Biotech), then analyzed with a CSU-X spinning disc confocal microscope (Intelligent Imaging Innovations) with an HQ2 CCD camera (Photometrics) or a Zeiss LSM700 confocal microscope with a transmission photomultiplier detector. All confocal pictures were obtained through 63× or 100× objectives.
Lysosomal scoring and vacuolization assays
For lysosomal scoring, 0.56 mm confocal slices from N2A cells transfected with either vector control, WT or the T185S allele of TMEM106B were acquired. Slices were obtained through cells to yield the maximum number of lysosomes per field of view. Discrete LAMP1, positive vesicles between 0.3 and 4.0 mm were counted for each cell and measured through the widest part of the vesicle. Large swollen vacuoles greater than 4.0 mm were not included in these analyses. Histograms were generated using 200 randomly selected lysosomes from each of these datasets. Analysis was performed with Slidebook software (3I).
For the vacuolization assay, N2A cells were transfected with indicated constructs and treated 24 h later with any chemicals indicated. Cells were photographed with an ImagXpress Micro (Molecular Devices) at 20× and .200 cells counted per trial by an observer blind to the conditions. Cells were scored as positive by the presence of enlarged (.3 mm) phase-lucent vacuoles.
EGFR degradation assay
T98G cells were transfected with indicated constructs. Cells were washed with PBS and media replaced with serum-free DMEM after 24 h. After 24 h in serum-free media, cells were stimulated with 100 ng/ml recombinant human EGF in the presence of 25 mg/ml cycloheximide to inhibit further protein synthesis and cells lyzed at indicated time points for western blot analysis.
Western blot analysis
Protein samples in SDS sample buffer containing b-mercaptoethanol were kept on ice or boiled for 2 min. Samples were run on 12% polyacrylamide gels and transferred to Immobilon-FL polyvinylidene fluoride membranes (Millipore). Membranes were blocked with Odyssey Blocking Buffer (LI-COR Biosciences) for 1 h, followed by incubation with primary antibodies overnight at 48C. Membranes were washed for 5 min three times in Tris-Buffered Saline with 0.1% Tween-20 (TBS-T), incubated with secondary antibody for 2 h at room temperature and washed three more times with TBS-T. Blots were imaged and quantified using an Odyssey Infrared Imaging System (LI-COR Biosciences). For quantitation, all immunoreactive bands were normalized to a corresponding GAPDH reference band.
Immunoprecipitation
Cells were lyzed in 50 mM Tris, pH 7.5, 150 mM NaCl, 1 mM EDTA, 1%Triton, 0.1% sodium deoxycholate and proteinase and phosphatase inhibitors (Roche). Mouse anti-FLAG conjugated beads (Sigma) were allowed to immunoprecipitate FLAG-TMEM106B in the cell lysates. These beads were incubated with cell lysates for 4 h at 48C and washed four times with the lysis buffer.
TCA precipitation of conditioned medium
One day after transfection, N2A cells were grown in serumfree medium. Conditioned media (CM) were collected 24 h later and centrifuged at 10 000 rcf for 10 min to remove the cell debris. The cleared media were incubated with 10% TCA at 48C. Protein pellets were collected by centrifugation, washed with acetone and dissolved in SDS sample buffer prior to western blot to determine PGRN levels.
ELISA PGRN levels were measured in N2A cells with TMEM106B overexpressed or knocked down with siRNAs. Cells were washed 48 h post transfection and incubated for 24 h in serumfree DMEM. CM were cleared at 10 000 rcf for 10 min and subjected to a Mouse PGRN ELISA (AdipoGen), according to the manufacturer's instructions. PGRN concentrations were converted to percentage of control to correct for interassay variability. Corresponding cell lysates from these samples were collected in RIPA buffer for western blot analysis.
RT-PCR
RNA was purified from cells 48 h after transfection using TRIzol Reagent (Invitrogen). Two micrograms of total RNA was reverse transcribed using a poly(T) primer and Human Molecular Genetics, 2012 SuperScript III Reverse Transcriptase (Invitrogen). qPCR was performed on a LightCycler 480 (Roche Applied Science), and transcript levels were calculated using efficiency-adjusted DD-CT. All transcripts were normalized to the geometric mean of two reference genes, Tbp and Actb. The mouse Grn primer pair sequences were 5 ′ AGTTCGAATGTCCTGA-CTCCGCCA3 ′ and 5 ′ AAGCCACTGCCCTGTTGGTCCTTT3 ′ . Mouse Tbp primers were 5 ′ CCCCACAACTCTTCCATTCT3 ′ and 5 ′ GCAGGAGTGATAGGGGTCAT3 ′ and mouse Actb primers were 5 ′ ACGAGGCCCAGAGCAAGAG3 ′ and 5 ′ TC-TCCAAGTCGTCCCAGTTG3 ′ .
